We conclude that different parts of a muscle fiber can have different fiber type compositions and, thus, contractile properties. Some muscle parts might reach their maximum contraction peak sooner or later than a muscle part a few microns further away. Next to stimulation by the nerve and systemic influences, local influences might also have an impact on the MyHC expression of the fiber.
Introduction
Skeletal muscles are comprised of hundreds to thousands of individual muscle fibers. These fibers can be classified by their expression of different myosin heavy chain (MyHC) isoforms and other myofibrillar proteins [Schiaffino and Reggiani, 2011] . The MyHC isoform composition is well correlated with the maximum contraction velocity of fibers [Bottinelli et al., 1996] . The MyHC content of a muscle is mainly controlled by the daily activity (or duty time) of the muscle [Monster et al., 1978] . For instance, there was a significant positive correlation between the daily duty time and the percentage of MyHC-I or slow fibers [Kernell and Hensbergen, 1998 ]. The expression of specific muscle proteins is generally assumed to be uniform along the length of normal muscle fibers. However, in an earlier study [Korfage and van Eijden, 1999] , we found that about 6% of the fibers positive to α-cardiac MyHC in jaw-closing muscles were not positively stained in the next section (distance between the sections was 20 μm).
A regional variability in MyHC expression over the length of muscle fibers was noticed in some specialized muscles, such as extraocular muscles of rabbits [Briggs and Schachat, 2002; McLoon et al., 2011] , dogs [Bicer and Reiser, 2009] , and humans [Park et al., 2012] . In these muscles, the MyHC composition was found to be different along the length of the muscles, which was determined by SDS-PAGE. However, although the MyHC composition differed from one muscle part to another, they did not investigate whether the MyHC composition differed over the length of a single fiber. Other studies observed a variation in MyHC composition in parts of leg muscle fibers of adult [Zhang et al., 2010] and newly weaned mice [Brummer et al., 2013] also by means of gel electrophoresis. It might be expected that muscles, which are still growing, have newly fused myoblasts (from satellite cells) that express a different MyHC isoform. Such a variation was found in the tapered ends of chicken and pigeon pectoralis muscles which retained developmental or neonatal MyHC isoforms [Bartnik et al., 1999] . A variation in MyHC composition over the length of muscle fibers was found in limb muscles of the rabbit that had been chronically stimulated, as well as in the tibialis anterior muscles of the contralateral side [Staron and Pette, 1987] . They did not find such a variation in normal rabbit tibialis anterior muscles by means of ATPase histochemistry. However, using RT-PCR [Peuker and Pette, 1997] or single fiber gel electrophoresis [Zhang et al., 2010] , some variation in the expression of MyHC-IIX and -IIB in hybrid, single muscle fiber segments was noted in normal, nonstimulated, adult muscles. Although variations in MyHC expression over the length of a muscle were apparently present, it remains unclear whether variations can be seen in other MyHC isoforms or within short distances along a muscle fiber.
Hybrid fibers are found in considerable proportions in 'normal' muscles, i.e. muscles from adult animals and muscles that have not been subjected to 'transforming conditions', such as changes in the neural impulse pattern or hormone levels [Stephenson, 2001] . For instance, it was found that hybrid fibers were common among fast fibers expressing MyHC-IIX [Strbenc et al., 2004] . Muscle fibers have a length of a few millimeters to several centimeters. It can be expected that the neural impulse and extrinsic hormonal influences affect the entire length of the fiber and that the expression, thus, should remain identical throughout the fiber.
Jaw-closing muscle fibers are a specialized group of skeletal muscles. They can express some MyHC isoforms, such as α-cardiac and fetal MyHC, which are not commonly found in limb and trunk muscles. Furthermore, they contain many hybrid fibers expressing two or more MyHC isoforms . These hybrid fibers can be considered as an important mechanism contributing to the large functional diversity in the jaw muscles [Korfage and van Eijden, 2003 ]. Since we already found variability in the expression of α-cardiac MyHC in jaw muscles [Korfage and van Eijden, 1999] , it can be questioned whether normal jaw and leg muscles contain muscle fibers that show variable expression of MyHC isoforms over the length of their muscle fibers or that the jaw muscles belong to the group of specialized muscles that contain muscle fibers with variable expression over the length of their fibers.
The present study investigates whether muscle fibers from three different groups of rabbit muscles, namely jaw closers, jaw openers, and leg muscles, variably express certain MyHC isoforms over short distances of a muscle fiber using monoclonal antibodies against α-cardiac MyHC-I and -IIA.
We hypothesize that jaw muscles with a high proportion of hybrid fibers have more fibers with variable MyHC isoform expression over the length of their fibers than muscles with a low proportion of hybrid fibers.
Materials and Methods

Immunohistochemistry
The study was authorized by the Animal Ethics Committee of the Academic Medical Center of the University of Amsterdam and executed according to the Dutch legislation. Three muscles were sampled from 3-month-old male New Zealand rabbits (Oryctolagus cuniculus) . The superficial temporalis and the digastricus were collected in one group (n = 4) and the gastrocnemius in another group (n = 5). The rabbits were euthanized using an overdose of pentobarbital (Nembutal; Sanofi Sante, Maassluis, The Netherlands). Thereafter, the muscles were dissected and rapidly frozen in liquid nitrogen-cooled isopentane and stored at -80 ° C until required for further processing. The experimental procedure was approved by the Animals Ethics Committee of the Medical School of the University of Amsterdam. Serial transverse sections of 10 μm were cut in a cryomicrotome (model CM 1850; Leica Microsystems, Nussloch, Germany). They were obtained from the belly of the muscles perpendicular to the main direction of the fibers. In this way, a total of 200 cross sections of each muscle were investigated.
After overnight fixation at -20 ° C in a mixture of methanolacetone-acetic acid-water (35: 35: 5:25) [Wessels et al., 1988] , the sections were alternately incubated with one of the three following monoclonal antibodies, which were raised against purified myosin [Bredman et al., 1991; Sant'Ana Pereira et al., 1995] . The antibodies used were 219-1D1 (MyHC-I), 429-4A5 (α-cardiac MyHC), and/or 333-7H1 (MyHC-IIA). The specificity and characterization of these monoclonal antibodies against MyHC isoforms have been Fiber No. Sant'Ana Pereira and Moorman, 1994; Sant'Ana Pereira et al., 1995] . The indirect unconjugated immunoperoxidase technique (PAP technique) was applied to detect the specific binding of the different antibodies. Nickel-enhanced diaminobenzidine was used to visualize the staining [Hancock, 1982] . The distance between sections incubated with the same antibody was 20 μm.
Analysis
Micrographs of consecutive muscle cross sections were taken using a digital camera (DFC320; Leica, Wetzlar, Germany) mounted on a microscope (Leica) and using Thumb+7 (Cerious Software Inc., Charlotte, N.C., USA) for capturing of the images (8-bit gray scale). Subsequent micrographs were obtained from an identical area of the sections ( fig. 1 ). We used only fibers that could be visually followed over more than 20 consecutive sections.
The staining intensity of the individually sampled fibers was digitally analyzed using a custom-made program (Fiber Analyzer). This program measures the mean staining intensity value of a circular area within a specific fiber. Then, the staining was quantified per section: a value of 0 represented no staining, while 255 represented the darkest staining. After measuring at least 10 fibers (which all should contain a minimum of 3 unstained and 3 darkstained fibers), the Fiber Analyzer program calculated the percentage of the staining intensity of the fibers per section. Fibers showing the lowest amount of staining intensity were regarded as unstained (0% staining), while fibers with the highest staining intensity were ascribed 100% staining. Data were collected and visualized ( fig. 2 ) . In this way, we could follow the staining intensity of a fiber at a length of 1-2 mm. Example of the staining intensity of 4 fibers (nonchanging black, white, and gray, and white changing) over a total length of 1,000 μm of a gastrocnemius muscle. 134 Classification Generally, fibers are not stained homogeneously due to the fact that stained myofibrils are located within nonstained cytoplasm ( fig. 1 ). To measure the variation in staining within a fiber, the staining intensity of 15 points of 112 fibers with different staining intensities [black (n = 40), white (n = 40), and gray (n = 32)] were sampled from the gastrocnemius (n = 5), and the standard deviation (SD) was calculated over the mean staining intensity of each fiber. The mean SD differed in each group: black fibers: 2.5, white fibers: 1.0, and gray fibers: 9.0. To classify the fibers, we determined the cutoff point of each group as two times the mean SD of the group. When fibers were followed over the investigated length, they were classified as black when their mean staining intensity lay between 95 and 100% and as white when their mean staining intensity was between 0 and 2%. The remaining fibers, with a mean staining intensity >2% but <95%, were denoted as gray ( fig. 3 ) .
Next, fibers were classified as variable or invariable. To that aim, the means and SD of the staining intensities of a fiber over each group of 10 consecutive slides were calculated (i.e. sections 1-10 or 11-20, for example). If the SD was larger than 10, the fiber was denoted as variable, and if the SD was less than 10, the fibers was denoted as invariable.
To illustrate the variability in MyHC expression over the length of a muscle fiber, we incubated a small bundle of muscle fibers in toto. After fixation, as described above, the fiber bundle was incubated overnight with antibody 429-4A5, which recognizes α-cardiac MyHC. We used a secondary antibody with a fluorochrome (goat anti-mouse Alexa Fluor ® 647) to visualize the staining. All antibody dilutions were in PBS with 0.1% Triton X-100 ( fig. 4 ) .
Statistics
For the three muscles, the proportions of the variable black, white, and gray fibers were compared to each other. Significant differences between the temporalis and digastricus were analyzed by Wilcoxon test. Significant differences between the gastrocnemius and temporalis and digastricus were analyzed by MannWhitney test. The level of significance was set at p < 0.05. All statistical procedures were performed using IBM SPSS Statistics 21.0 (IBM Corp., Armonk, N.Y., USA).
Results
A total of 3,281 muscle fibers (mean ± SD: 100 ± 0; 63 ± 26, and 49 ± 15 for the gastrocnemius, temporalis and digastricus, respectively) could be followed (range: 50-50, 40-97 and 34-80 for the gastrocnemius, temporalis and digastricus, respectively). Fibers were classified as either black, white, or gray depending on the range of staining intensities. For example, figure 2 shows the consecutive sections of 10 fibers of the gastrocnemius incubated with the antibody against MyHC-IIA. In this example, we could follow the fibers over a length of 1,340 μm. This stack contained black fibers (fibers 7 and 8), white fibers (fibers 1, 2, 5, 6, and 10), and gray fibers (fibers 3, 4, and 9).
All examined muscles showed large proportions of black, white, and gray fibers with variable expression of MyHC ( table 1 ) . The temporalis, digastricus, and gastrocnemius contained 46, 11, and 15% fibers, respectively, with variable MyHC-I expression, and 47, 87, and 22% fibers, respectively, with variable MyHC-IIA expression over the length of their fibers. Most variable fibers were found amongst the ones that were classified as gray, and especially amongst variable fibers that expressed MyHC-IIA. These gray-classified fibers were presumably hybrid fibers that expressed more than one fiber type. Furthermore, in the temporalis, the proportion of variable gray fibers expressing α-cardiac MyHC was higher (28%) than proportions of variable black or white fibers (5 and 1%, respectively).
Discussion
The present study shows that some rabbit muscle fibers changed their MyHC isoform content gradually over the examined length. Other fibers changed their MyHC iso- 25.7 ± 4.4 2.0 ± 1.6 53.2 ± 14.7 0.9 ± 1.9 9.7 ± 6.1 8.4 ± 4.3 100 Gastrocnemius 16.4 ± 3.9 0.4 ± 0.9 65.2 ± 10.2 0.8 ± 1.8 3.6 ± 2.6 13.6 ± 9.3 100 MyHC-IIA Temporalis 15.6 ± 13.7 2.4 ± 2.1 15.8 ± 10.3 1.9 ± 3.8 21.4 ± 12.8 42.9 ± 12.5 100 Digastricus 1.2 ± 1.4 -4.3 ± 3.7 2.0 ± 4.1 7.2 ± 7.0 85.2 ± 10.9 100 Gastrocnemius 19.6 ± 12.1 4.0 ± 4.7 54.4 ± 9.6 0.4 ± 0.9 4.0 ± 4.7 17.6 ± 14.7 100 α-Cardiac MyHC Temporalis 19.3 ± 16.6 4.6 ± 4.9 35.4 ± 7.4 0.6 ± 1.1 11.9 ± 9.1 28. form content over a short distance only. This variability was predominantly apparent amongst the gray muscle fibers, which were presumably hybrid fibers expressing more than one MyHC isoform. This was true for all fibers, not only those from the jaw muscles (jaw closers and jaw openers) but also those from the limb muscles, and suggests that varying myosin expression was widely present and could reflect the nature of MyHC expression in a multinucleate cell. This is in contradiction with the work by Staron and Pette [1987] , who could not find differences in normal, not chronic stimulated limb muscles, but they used a different histochemical technique (ATPase). Few studies investigated the variability in the MyHC isoform content over the length of muscle fibers. This variability in the MyHC isoform content was confirmed in a special muscle part, e.g. the tapered ends of growing pectoralis muscles of pigeons [Bartnik et al., 1999] , in specialized muscles such as extraocular muscles [Briggs and Schachat, 2002; Bicer and Reiser, 2009; Park et al., 2012] with two innervation sites on their muscle fibers, or in chronically stimulated leg muscles [Staron and Pette, 1987] . In limb muscles of adult [Zhang et al., 2010] and newly weaned mice [Brummer et al., 2013 ], a regional variation was observed using SDS-PAGE of small (3-5) fragments of single muscle fibers. In the present study, variability also occurred over very short distances (for instance 100 μm or less) over the length of a fiber and in fibers expressing other MyHC isoforms. It is known that immunohistochemistry can result in variable staining when it is compared between different sections incubated at different time points. To reduce this variability, all sections from one muscle were incubated at the same time. Furthermore, the staining intensity of muscle fibers was compared to the 3 darkest-and the 3 lightest-stained fibers by the Fiber Analyzer program.
A large proportion of variable fibers was found amongst the fibers that were classified as gray, especially amongst the jaw muscle fibers. These fibers were presumably hybrid fibers. Incubation with an antibody against another MyHC isoform would confirm that these fibers were indeed hybrid fibers. Although we have not done this in this study, an earlier study, in which the fiber type composition of the temporalis and digastricus was investigated [Korfage et al., 2012] , indicated that this muscle group contained a large proportion of hybrid fibers. Many MyHC-I-positive fibers in the jaw-closing muscles coexpressed α-cardiac MyHC. Since this isoform is not present in jaw openers and other skeletal muscles, it was not investigated in the digastricus and gastrocnemius. In the present study, the temporalis contained a large proportion of fibers positive for antibodies against MyHC-I or α-cardiac MyHC that also contained other myosin isoforms. Therefore, we propose that the gray fibers were in fact hybrid fibers. Also, the temporalis and digastric muscles contained large proportions of fibers expressing MyHC-IIA and/or -IIX. Many of the gray MyHC-IIA fibers found in the present study might, thus, be hybrid fibers coexpressing another MyHC isoform, probably MyHC-IIX, which further contributed to the high amount of variable fibers found in these muscles in the present study. It is known [Andersen et al., 1996] that MyHC-IIA fibers can easily change to MyHC-IIX fibers and vice versa, leading to a high proportion of hybrid MyHC-IIA/X fibers. However, a change from MyHC-I to MyHC-IIA, or vice versa, is probably more difficult to achieve [Pette et al., 2002] . Hybrid fibers coexpressing MyHC-I and -IIA were not found in large numbers in jaw muscles [Korfage et al., 2001] or limb muscles [Korfage et al., 2008] . If muscle fibers can easily change their MyHC phenotype, then mild local influences may lead to a local change in MyHC isoform expression.
Muscle fibers contain many nuclei, and each nucleus regulates the gene products of the production of proteins for a part of the muscle fiber, the so-called myonuclear domain. The different isoforms of MyHC, which are functionally unique and cannot be substituted for one another [Allen et al., 2000] , are related to the contraction velocity of fibers [Bottinelli et al., 1996] . Muscles contain fibers that express either one MyHC isoform, the socalled pure fiber type, or more than one MyHC isoform, the hybrid fiber type. Hybrid fiber types have contraction velocities that can be related to the MyHC isoform contents of the fiber. The results of the present study strongly suggest that the velocity-contraction properties can show variations over the length of the muscle fiber.
The MyHC content of a muscle fiber is directly related to the daily activity of the muscle [Monster et al., 1978; van Wessel et al., 2005] . Therefore, the neural impulse of a muscle fiber has a major influence on the MyHC composition of the muscle fiber. These impulses reach the muscle fiber via the neuromuscular junction after which the action potential is transported over the membrane of the muscle fiber. As most muscle fibers are innervated only by a single neuromuscular junction, it can be expected that all nuclei of a muscle fiber receive the same electrical stimulus. Variation in myosin expression over the length of a fiber due to variations in impulses is, therefore, not likely. That is why other influences should be thought of to explain the variable expression of MyHC isoforms in some fibers.
How can we explain the variable MyHC expression over the length of the fiber? Systemic influences, such as hormones, are delivered to the muscle fibers via the bloodstream. Hormones, such as testosterone and thyroid hormone, can also have an impact on the fiber type composition of muscle fibers. For instance, testosterone is said to downregulate the slow isoform associated with α-cardiac MyHC in male rabbit masseter muscles starting at the age of 8 weeks and ending when the animals are about 6 months old [d'Albis et al., 1993] . Hypothyroidism causes fast-to-slow transitions [Ianuzzo et al., 1977] while hyperthyroidism causes slow-to-fast transitions [Pette and Staron, 1997] . Furthermore, most nuclei of muscle fibers were found to be preferentially located near a capillary [Ralston et al., 2006] . However, there might be a difference in the expression of the hormone receptors over the length of a muscle fiber, leading to a variable expression of MyHC isoforms, as was found in the present study.
Another important influence that should be considered is shear stress. The force produced by the muscle fiber is not only transported to the bone via the tendons, it is also transmitted laterally onto neighboring muscle fibers via the perimysium and epimysium surrounding the individual muscle fibers [Huijing et al., 1998 ]. This causes a local difference in tension on the membrane of a muscle fiber, which might then influence the MyHC isoform expression in this part of the fiber.
The MyHC isoform contents of a muscle fiber determines its contractile properties. Muscle fibers containing MyHC-I have a twitch contraction time that is slower (± 30 ms) than fibers containing MyHC-IIX (±13 ms) [Kwa et al., 1995] . Furthermore, in the former, the average contraction time is longer than in the latter. Also, type I fibers are slower in their relaxation time than type II fibers. This means that in fibers classified as variable some parts of the muscle contracts and relaxes faster (or slower) than other parts of the fiber. If the sarcomere force is laterally transmitted via the extracellular matrix to surrounding muscle fibers, as suggested by Huijing et al. [1998] , having different MyHC expression should not pose a problem. Especially variations in the anatomy or function of this extracellular matrix may trigger local changes in MyHC expression. This remains to be investigated.
There are several pathways that lead to a change in MyHC isoform expression within a muscle fiber [Pette and Staron, 2001 ]. In the end, it all relates to the level of the intracellular Ca 2+ concentration ([Ca 2+ ] i ) at rest. In slow muscle fibers, this level is higher than in fast ones. A differential activation of slow and fast fiber-specific genes appears to be linked to the sensing of differences in response amplitude and duration of [Ca 2+ ] i [Dolmetsch et al., 1997] which results from different neural impulse patterns, altered contractile activity, and/or loading [Olson and Williams, 2000] . Furthermore, a fast-to-slow transformation of rabbit fast muscle fibers was observed in vitro when a calcium ionophore was added to the muscle fiber, leading to an increase in resting [Ca 2+ ] i [Kubis et al., 1997] . Stretching muscles increases the [Ca 2+ ] i resting levels within a muscle fiber [Armstrong et al., 1993] and stretching a muscle upon unloading, via a plaster cast, prevents the transformation of MyHC-I to MyHC-II isoforms [Loughna et al., 1990] , which is normally seen in unloaded, nonstretched muscles. Apparently, the tension this process creates might lead to a higher [Ca 2+ ] i in the cytosol which prevents the transformation towards a fast MyHC isoform expression. It might thus be possible that a part of a muscle fiber that receives less tension could also change its fiber type. In that case, the fiber changes more often into a fast fiber type, as can be seen in muscles that reduce their daily activation. Whether a difference in the expression of hormone receptors or the shear stress between muscle fibers led to the variable expression of MyHC isoforms found in this study should be investigated further.
We conclude that the fiber type composition of a muscle is more complex than previously thought, especially in muscles that contain a large proportion of hybrid fibers. Fibers can change their MyHC composition over short distances along the length of a fiber leading to internal differences in force-velocity properties. This might result in asynchronous peak force generation along the fiber length, as parts with a faster MyHC isoform reach their maximum contraction force sooner than parts with a slower MyHC isoform. Muscle fibers are firmly interconnected by the extracellular matrix, and the result will be less dramatic for the entire muscle or muscle regions. Nevertheless, the results of the present study show that some muscle parts are locally adapted to a different tension in the extracellular matrix, resulting in a clearly changed MyHC expression. We suggest that this difference in tension on the muscle membrane could induce the expression of a different MyHC isoform. Further investigations should find out which mechanism is behind this phenomenon.
